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ABSTRACT
This research investigated the threshold levels of display luminance contrast which were
required to interpret static, achromatic, integrated displays of primary flight information. A four-
factor within-subjects design was used to investigate the influences of type of flight variable
information, the level of ambient illumination, the type of control input, and the size of the display
symbology on the setting of these interpretability thresholds. A three-alternative forced choice
paradigm was used in conjunction with the method of adjustments to obtain a measure of the
upper limen of display luminance contrast needed to interpret a complex display of primary flight
information. The pattern of results and the absolute magnitudes of the luminance contrast
settings were found to be in good agreement with previously reported data from psychophysical
investigations of display luminance contrast requirements.
INTRODUCTION
Technological growth in many disciplines has lead to the widespread development of
complex, integrated displays of flight information. As avionic designers endeavor to apply the
power of the computer and the flexibility of advanced display media, there continually appear
new, innovative flight displays in which data are centrally located to the pilot, new forms of
symbology are used to encode the data, and new flight facts are incorporated with old ones.
The source of considerable potential benefits for cockpit design, integrated displays have
flourished in applications to general, civil, and military fixed-wing and rotary-wing aircraft,
spacecraft, and flight training simulators. Across these applications, the goals to reduce cockpit
"clutter," enhance data presentations, and reconfigure the displayed information are being
achieved; thus, it is widely held that safer flight, reduced pilot workloads, and a substantially
improved man-machine interface are within the grasp of designers.
Among the various types of integrated displays available is the important subset of
displays that present primary flight command and control information. The primary flight display
(PFD) has received considerable attention from display designers because it provides the most
fundamental information that is used to control the aircraft. Consequently, there has developed
a widely diversified set of displays which are greatly varied in the degree of information syn-
thesis, the amount of information presented, and the type of data acquisition and display system
elements used to format and display the information. Carel (1965) and Roscoe and Eisele
(1980) point out that primary command and control displays can range from literal presentations
of the visual scene, to full-bodied and skeletal analog representations, to abstract presentations
of alphanumerics and symbolic indicators. Each of these different types of PFDs requires
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systemcomponentsthat aredifferentin capabilitiesandcost.
Thecost-benefittradeofffacedby the avionicdisplaysystemmanufactureriscritically
importantandis weightedby a potentialfor damagingor fatalconsequencesshouldwrong
choicesbe madein the selectionof displaysystemelements. On one hand,thecost of system
elementsmustbeminimizedsimplybecauseflightqualitycomponentshave a veryhighunit
cost. For example,a singledisplayunitused forthe PFDin the F-15fightercockpitcosts in
excessof $40,000;similarly,highlyexpensivecolorcathode-raytubes (CRTs)arebeingusedin
thenewgenerationBoeing757/767civilaircraft. Thus,basedon sheereconomicconsidera-
tions, the avionicsystemmanufacturermustselectdisplaysystemcomponentswhich are
minimallyacceptablein termsof job performance.However,if systemelementsare chosen
withoutregardto the requirementsandlimitationsof thehumanoperator,then it is possiblethat
disastrousconsequencescouldresultshouldthedisplaysystembecomeunusableduring flight.
Thesetwoconflictingsets of criteria,the costof displaysystemcomponentsandthe human
operator'sneeds,canonly be resolvedthrougha carefulanalysisof thedisplaysystemopera-
tionalenvironment,the operatortask environment,a considerationof thevisual limitationsof the
pilot,and a knowledgeof the influenceof variousdisplaydesignparameterson thevisual
informationprocessingcapacityof the humanoperator.
With theproliferationof integratedflightdisplaysappearingin operationaland near-term
serviceaircraft, it is imperativethatthe influenceof specificdisplaysystemcharacteristicsfor
flightcontrolbeunderstoodwith respectto realisticpilotingtasksand flightconditions. Con-
cerningthe pilot/displayinterface,designersrequireinformationinwhichperformance-based
assessmentsof the pilot'svisual requirementsare relatedto componentsof designin the
displaysystem. For realisticpilotingtasksandflight conditions,this typeof informationis
virtuallynon-existent.For example,manystandardguidelinessources(e.g.,McCormickand
Sanders,1982;and VanCottand Kinkade,1972)providehumanperformance-baseddesign
recommendationsfor graphicsand alphanumericsthataredrawnlargelyfrom psychophysical
thresholddetectionand recognitionstudiesinwhich laboratoryconditionsandtasks arenot
easilytransferredto those foundin the avionicapplicationenvironment.As a result,avionic
displaydesignersfrequentlypickandchooseamongdesignoptionswith littleunderstanding
abouthow theirdecisionsimpacttheusabilityof the display. Consequently,there is a clearand
definiteneedfor practicaldesign recommendations.
The intentof this researchwas to contributeto thedeterminationof a set of display
systemrequirementsfor integratedflightcontroldisplays. These requirementsarederived from
psychophysicalvisualperformancedata that havebeencollectedduringa realisticpilotingtask
underconditionswhichare likely to occur in theoperationalenvironment.Therewere three
objectivesto this research. First, theresearchdetermined,for variousconditionsof ambient
illumination,the minimumcontrastratiosrequiredby a pilot to interpreta displayof complex
information. Second,thestudy investigatedtheinfluencesof sizeof thedisplaysymbology,
typeof flight variable,and typeof controlinputonsettingtheseinterpretabilitythresholds.
Third, the researchdeterminedthe accuracyof controlinputsfor each of the experimental
factorsat these interpretabilitythresholds.
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METHOD
Experimental Desi_ln
A four factor 4x3x2x2 (flight variable x illumination x size of symbology x control input)
within-subjects design was used for the study. Within each illumination condition, the size of
symbology, the type of flight variable, and the type of control input were combined factorially to
provide a set of 16 static display stimulus conditions. Thus, each subject served in 48 ex-
perimental trials. A randomized order of presentation for the 16 stimulus formats within an
illumination condition was developed for each subject. Additionally, the presentation order of
the illumination conditions was randomized for each subject. A description of the independent
factors and the dependent measures is detailed below.
Independent Factors
Type of flight variable. Four types of symbolic flight variables were investigated in the
study. The flight variables tested in the integrated formats included glideslope and Iocalizer
deviation indicators, pitch, and roll or bank angle. These flight variables were represented by
the indicators shown in Figure 1. As can be seen in this figure, the glideslope and Iocalizer
deviation indicators are located at the right side and bottom of the display, respectively. The
aircraft pitch was represented by the series of lines crossing the center of the display. Each line
represented an increment of 2.5 deg in pitch. Aircraft pitch was referenced to the top of the
aircraft symbol which remained fixed in the center of the display. A zero-degree pitch angle was
represented by the alignment of the horizon line, which bisected the display horizontally, with
the top of the aircraft symbol. Finally, aircraft bank angle was presented at the top of the
display. Increments of five degrees in bank angle were displayed with this indicator. Each flight
variable indicator used the conventional inside-out format.
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Illumination. The three levels of ambient illumination were high, medium, and low diffuse
lighting conditions. The high ambient (41,000 lux) is representative of bright sunshine. The
second level (21,500 lux) is similar to a condition of bright indirect illumination. Lastly, the low
ambient condition (0.1 lux) is similar to flight conditions during night flight. In this condition, the
primary contributors to the ambient environment are cockpit lamps, the reflected radiance from
the display screen, and reflectance from the flight desk and cabin structure. Each of these
illumination conditions was measured at the pilot's display desk with a cosine-corrected il-
luminometer (Minolta, Model T-1H). The corresponding background display screen luminances
which resulted from the reflection of the diffuse ambients at the display surface were
photometrically measured by a hand-held photometer (Tektronix Model J-16 configured with a
J6523 1-deg narrow angle luminance probe) and were found to be 0.03 cd/m2; 1,164.78 cd/m2;
and 2,247.34 cd/m 2 for the low, medium, and high illumination conditions, respectively. An
angle of incidence was selected for the luminaires so as to avoid specular glare reflections at
the display screen surface during testing.
Display size. Two differently sized experimental integrated PFD formats were used in
the study. Figure 1 illustrates the larger of two formats tested. The smaller display format was
a scaled down version (magnification factor 0.5) of the larger display. In keeping generally
within the minimum design recommendations for recognition of alphanumerics and graphics
(i.e., 12-24 arcminutes), a minimum angular subtense of 7.7 arcminutes was maintained for the
Iocalizer and glideslope deviation needles used in the smaller display. The horizontal and
vertical visual angles subtended by these and other display elements of interest to the study are
presented for both displays in Table 1.
Table 1. Visual angles subtended by (1) the overall size of the integrated primary flight displays
(in degrees of visual angle) and by (2) the flight variable indicators tested in each of the display
formats (in minutes of arc of visual angle).
DISPLAY SIZE
LARGE SMALL
DESCRIPTION LENGTH WIDTH LENGTH WIDTH
OVERALL SIZE 16.4 22.0 8.2 11.0
FLIGHT VARIABLE
INDICATORS
G LI D ESLOP E 521.8 61.4 260.9 30.7
GLIDESLOPE
DEVIATION NEEDLE 61.4 15.4 30.7 7.7
LOCALIZER 521.8 61.4 260.9 30.7
LOCALIZER
DEVIATION NEEDLE 61.4 15.4 30.7 7.7
PITCH GRID LINES
LONG 1319.8 15.4 659.9 7.7
SHORT 306.9 15.4 153.5 7.7
BANK ANGLE 1181.7 61.4 590.9 30.7
BANK ANGLE
INDICATOR NEEDLE 61.4 30.7 30.7 15.4
AIRCRAFT SYMBOL 491.1 92.1 245.6 46.1
Type of control input. One of two types of control input was required for each presenta-
tion of the eight display formats. The control inputs which were required for each format in-
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cludedan indicationthat a correctivecontrolinputwasnecessaryor, alternatively,that a
"situationok"set of circumstanceswaspresent. Correctiveactioninputswere obtainedby the
subject'sadjustmentof the controlstickto null the presenceof anerroneousflightvariable. An
indicationof "situationok"wasobtainedwhenthe subjectdepressedone of the buttonson top
of the controlstick. Controlinputselectionwasbaseduponthe matchbetweenan instructed
flightprofileand the flightprofilethatwas presentedin thedisplayformat. Whenmatchedflight
profilesoccurred,a "situationok" inputwas to be performed;alternatively,if a_mismatchexisted
betweenthe flightprofilesa correctivepitchor roll inputwas to beperformed.
Dependent Measures
The two dependent measures collected were the contrast ratio at the interpretability
threshold and the percent of correct control input responses.
Contrast ratio. The contrast ratios (CRs), which were determined through photometric
assessment of the target display luminance and background display luminance level, are
defined to be the upper limens of the luminance contrast which is needed to interpret the aircraft
situation. The CR is given by the formula,
CR = Lmax / Lmin (1)
where Lmax, the greater of the two display luminances, is the sum of the emitted symbol
luminance and the background display luminance. Lmin is the background display luminance.
Percent of correct response. The percent of correct response for control inputs was
defined to be the number of correct input responses, collected at the interpretability threshold,
divided by the total number of control inputs across the experimental session and multiplied by
100.
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Subjects
Three male volunteers served as participants in the study. Each subject was experi-
enced in flying simulated landings with the integrated PFD used in the study. Furthermore, two
of the subjects had previously held general aviation aircraft licenses for fixed-wing aircraft.
During the experimental session, subjects were encouraged to take rest breaks between trials
when needed. However, subjects were not allowed to leave the simulator cockpit except upon
the completion of an illumination condition. In this way, visual adaptation levels for the illumina-
tion conditions were maintained.
Task and Procedure
At the start of the experimental session, each subject was seated in the first officer's
flight chair and allowed to assume a comfortable position. The center-of-display to pilot-eye
distance was adjusted to 66 cm. The neck support on the flight chair was placed against the
back of the subject's head to insure that this display-eye distance was maintained. Additionally,
the display-eye distance was checked periodically throughout the session between experimental
trials. A 10-minute adaptation period was provided at the beginning of each illumination condi-
tion to allow the subject to become accustomed to the ambient light level. During the first
illumination condition, the subject was provided with practice trials to acquaint him with the
experimental process. During this practice period, the subject was allowed to ask questions and
clarify the conditions of the task.
At the end of an illumination condition, the subject was allowed to leave the cockpit and
rest. During this rest period, the experimenter set up the next illumination condition. After the
rest period the subject was light adapted to the new illumination condition, the display-eye
distance was re-established, and the subject performed the next block of trials. Following the
completion of the experimental session, the subject was debriefed and dismissed.
10
The subjectsusedthe upwardmethodof adjustmentsin conjunctionwitha three-
alternativeforcedchoiceparadigmto set thedisplayluminancecontrastand providecontrol
inputsfor each staticpresentationof thestimulusdisplayformats. At the start of eachtrial, the
subjectwaspresentedwitha set of flight instructions(locatedon the left of two CRTssituatedin
frontof the subject)whichdescribedan aircraftsituation. Thesubjectacknowledgedhisunder-
standingof these instructionsby initiatingtheprocedureto manipulateluminancecontrast.
In the procedureto set the luminancecontrast,thepilotwas requiredto usea side-arm
controllerto incrementallyincreaseluminancecontrast and input pitch, roll, or "situation ok"
inputs. To set the luminance contrast, the trigger on the side-arm controller was used. For the
first trigger activation, a temporally constrained stimulus format was presented on the CRT
located directly in front of the subject in which the maximum luminance contrast was below
detection threshold. The stimulus field presentation was temporally constrained to 3.0 s for
each increment of luminance. Following a procedure similar to that used by Beaton (1984) at
each temporal increment, the display was modulated upwards to maximum luminance contrast,
stabilized at the peak luminance contrast for approximately 1.0 s, and then was sequentially
de-modulated below the detection threshold. This procedure was followed to avoid iconic image
effects due to a sharp onset or removal of luminance in the visual field. Additionally, it was
desirable to control the time of display presentation to reduce guessing by the subjects as to the
required control input. With repeated activation of the trigger, the subject was able to incremen-
tally increase the display luminance contrast to a point at which he was able to evaluate the
aircraft's situation against the situation given in the flight instruction display. At this point, the
subject could perform either a pitch, roll, or "situation ok" control input. The initiation of one of
these inputs served as an end-of-trial indication. Subsequent to this input, the accuracy of
control input, and the A/D bit values for the display luminance were recorded in a subject raw
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datafile. ThisentireprocesswascontrolledthroughtheVAX-ADAGEcomputersystemwhich
isdescribedbelow.
Apparatus
Flight simulator facility. The fixed-base advanced display evaluation cockpit (ADEC)
which was used in this study was located in the Crew Station Systems Research Laboratory
(CSSRL) of the Cockpit Systems Branch (CSB) of the National Aeronautics and Space Ad-
ministration's Langley Research Center (NASA LARC). As illustrated in Figure 2, the cockpit is
a representative example of a generic advanced concepts cockpit for the 1990s wide-body
transport aircraft. As can be seen in this figure, the cockpit is equipped with three large-screen,
in-line gun, color shadow-mask CRTs. The two CRTs on the right-hand side of the simulator
(Conrac Model 7211, 13-in. diagonal) were used in the experiment. Each of these CRTs is a
studio quality, high resolution (1024 x 1024 pixels) display monitor. Additionally, the cockpit is
equipped with a 6-inch diagonal experimental electroluminescent flat panel display, a multifunc-
tion programmable keyboard, an in-house constructed automatic flight guidance and control
system located near the top of the flight desk, and a yellow experimental flight desk which
houses the displays. The pilot's primary flight controls were a pistol-grip side-arm controller for
pitch and roll inputs. The two pushbuttons located on top of the controller and the trigger
imbedded in the front of the pistol grip were placed under software control. The use of these
controls in the present study was discussed above. Additionally, throttles located between the
two flight chairs, pedals for simulated rudder control, simulated banks of overhead pilot controls,
humidity and temperature controls, and a removable experimenter station with a data link to the
VAX computer were provided.
Ambient lighting simulator. The ambient lighting simulator consisted primarily of two
metal-halide (HMI) luminaires, and diffusion material spread over the windscreen of the cockpit.
12
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Specifically, a 4KW HMI system (Strand Century Inc., Model 3790) was located in a bay forward
of the ADEC windscreen. This lamp illuminated the cockpit through the forward windscreen.
Diffusion matedal (Roscoe Inc., Tufsilk) was spread across the windscreen to provide a bright
diffuse lighting condition. The second HMI source (Strand Century Inc., Model 3680) was a
2.5KW system. This system was positioned at the rear of the ADEC simulator and was directed
so as to illuminate the displays and the pilot's flight desk. Silk gauze material was positioned in
front of each source to control the intensity of the light and to provide additional diffusion during
the medium and high ambient lighting conditions. During the low lighting condition, both lamps
were turned off.
Computer facility/graphics d!splay generator. A detailed description of this facility has
been provided by Montoya, Lane, Tumer, and Hatfield (1983); however, an overview summary
of the system is provided here. A VAX (DEC, Model 780) serves as the host computer which
controls all input/output (I/0) for various experimental activities. The VAX computer consists ef
the 11/780 central processing unit (CPU), a floating point accelerator (FP780), 2 Mbytes of ECC
MOS core memory, 4 Gbytes of virtual memory, and uses the VMS (Version 3.5) operating
system. In addition, two 67-Mbyte disk drives and a 9-track tape drive are linked to the VAX via
massbus architecture and are used for storage of controlling software and data files. Peripheral
device I/O to pilot controls and displays and to experimenter computer consoles is enabled
through the laboratory peripheral accessory package (DEC, Model LPA-11 ) which contains 64
12-bit analog-to-digital (A/D) converters, 4 10-bit digital-to-analog (D/A) converters, and 16
discrete parallel 32-bit channels.
The ADAGE 3000 graphics display generator is a high performance, raster scan, color,
programmable display generator (PDG). It allows user control over the number of television
(TV) lines per frame, the refresh rate, interlace, resolution mode, color selection, 3-D coordinate
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transformationof a displayformat,andalphanumeric character generation. An in-depth de-
scription of the capabilities of this system is provided by Montoya, England, Hatfield, and Rajala
(1981).
The display formats and controlling software were developed using the FORTRAN-77
programming language available on the VAX computer. The display formats were assembled,
compiled, and downloaded to the ADAGE 3000 PDG via serial data link. Following the collec-
tion of all data sources, the data were transformed and analyzed using the Biomedical statistical
analysis package (BMDP, Version 3.1 ) which was resident on a personnel computer (PC)
system (SPERRY, Model 400) configured with a 20 Mbyte hard-disk, 640 Kbytes of random
access memory (RAM) and using the DOS (Version 2.1) operating system.
15
RESULTS
To transform the raw data of the luminance contrast settings into meaningful descrip-
tions of the subject's performance, the following procedure was used. First, the luminance
output of the display as a function of the digital-to-analog ramp in the ADAGE display system
was determined for each of the 256 steps of digital memory. This data set was generated by
measuring the luminance intensity at the center of the display for each increment of digital
memory.
Next, the luminance data were regressed upon digital value. A second- order regression
was found to provide a good fit to the data (R 2 = .98). The requirement for the second order
term in the regression was investigated by inspection of a plot of the raw data. From this plot it
was determined that a slight nonlinearity, a slight downward turn, occurred near the extreme low
end of the observed function. Consequently, the second-order term was required to account for
this change in the function. Following the development of the mapping function between digital
value and luminance output, each subject's response data were transformed from the recorded
digital value into equivalent luminance output.
In the final steps to form the interpretability contrast ratios, the equivalent symbol
luminance for each trial, obtained in the previous steps, was summed with the appropriate level
of background display luminance and then divided by this background luminance level. Follow-
ing the formation of the interpretability contrast ratios, each of the independent factors was
related to these contrast settings by an analysis of variance (ANOVA). Post hoc analyses of
significant effects included using simple effects F-tests to probe significant interactions, and
using the Newman-Keuls range test to probe significant main effects.
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A check of the raw data for control input errors revealed that, across the total set of
observations, only six control input errors, each of which occurred in a different combination of
conditions, were present in the data set. Given that the overall accuracy of the control input
settings was 96 percent and that there was no apparent consistency in the performance of
these errors, it was decided that further analysis of these error data would not provide meaning-
ful insight about the subject's performance. Consequently, no additional analyses were per-
formed on these data. These findings suggest that the subjects, as per the experimenter's
instructions, attempted to maximize accuracy over speed when performing their control input
selection.
The results of the ANOVA which was performed on the luminance contrast data re-
vealed that the main effects of illumination condition and flight variable were statistically signifi-
cant (p = 0.0104 and p = 0.0352, respectively). Furthermore, the two-way illumination condition
by flight variable interaction was also statistically significant (p = 0.0141). The remaining main
effects of display size and control input, as well as all other interactions were not statistically
important (p > 0.05). A description of the statistically significant findings is detailed below.
Figure 3 illustrates the main effect of illumination condition. As shown in this figure, the
mean contrast ratio required to interpret the integrated information in the displays was sig-
nificantly higher (p < 0.05) for the low illumination condition than for either the medium or high
illumination conditions. No significant difference was found in the contrast levels required to
interpret the displayed information during the medium and high illumination conditions.
In the main effect of flight variable (Figure 4), higher luminance contrast (p < 0.05) was
required to interpret the pitch angle indicator than was required to interpret the roll angle in-
dicator. No other statistically important differences were found in the contrast settings between
other flight variable pairs.
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In the two-wayilluminationconditionbyflightvariableinteraction,shownin Figure5, it
was foundthat the luminancecontrastneededto interpreteachof theflight variableswas
greater(p < 0.05, for all variables)duringthe low illuminationconditionthanduringthe medium
or high illuminationconditions. In the mediumandhighilluminationconditionsa similarlevelof
luminancecontrastwas requiredto interpretthe variousflight variables. Forthe low illumination
condition,a similarfindingas occurredwith the maineffectof flightvariablewas found;
generally,the pitchand Iocalizerdeviationindicatorsrequireda greateramountof luminance
contrastto be interpretedthandid theglideslopeandbankangle indicators.
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DISCUSSION
The analysis of the luminance contrast data revealed that three consistent trends
occurred in the data. The first trend seen in these results concerns the requirement that greater
luminance contrast was needed during the low illumination condition than was needed during
either the medium or high illumination conditions to interpret the displayed information. The
second trend which is seen to occur is that during the low illumination condition greater
luminance contrast was required to interpret the pitch angle and Iocalizer flight variable in-
dicators than was needed to evaluate the glideslope and bank angle displays. Finally, the third
trend which is evident in the data concerns the consistent lack of an effect for the size of the
displayed symbology and the type of control input. A discussion of each of these trends is
presented below.
As shown throughout Figures 3-5, it is interesting that a higher luminance contrast was
required to interpret the displayed information during the low illumination condition than during
the medium and high illumination conditions. This finding is consistent with the results found in
previous studies which have investigated luminance contrast requirements. In the present
study, the pattern of luminance contrast settings and the absolute levels of luminance contrast
needed to interpret the displayed information conform closely to the data of Blackwell (1946).
Blackwell found that luminance contrast settings ranged between 1.01:1 and 1.1:1 for a target
identification task when display luminance levels and subtended visual angles were comparable
to those used in the present study; furthermore, he found that as the display luminance level
was increased, while visual angle was held constant, a lower luminance contrast was required
to identify the target.
A difference between the present study and the study by Blackwell suggests that an-
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otherconclusioncanbedrawnfromtheresultsof thepresentstudy. In thisstudy,different
surroundluminancelevelswere usedto controlthe adaptivestate of the eye;however,in
Blackwell'sstudy,no explicitmanipulationsto the adaptivestate of the eyewere performed.
Yet, eventhoughthesedifferencesexistedbetweenthetwo studies,the resultsof the two
studiesarequitesimilar. Thisfindingsuggeststhat, for theconditionsusedin this study,
luminancecontrastwas set independentlyof theadaptationstate of the eye. An explanationfor
this findingcanbe obtainedfrom previouslyreportedresearch. In earlier studies(Carel,1965;
Ireland,Kinslow,Levin,and Page,1967)it hasbeenfoundthat luminancecontrastrequire-
mentsremainrelativelyconstantwhenthebackgroundsurroundluminance(theeyeadaptive
state)does notexceedtentimesthedisplayluminancelevel. Theratiosof backgroundsur-
roundluminanceto thedisplayluminancelevelusedin the presentstudyarewithin this ten-
timescriterion. Thus,even thoughdifferencesin theadaptivestateof the eyewere present
betweenthetwo studies,the magnitudeof thesedifferenceswasnot substantialenoughto be
an importantdeterminantin the settingofdisplayluminancecontrast;rather,as withBlackwell's
study,the settingof luminancecontrastwasdependentuponthedisplay luminanceleveland
the visualanglessubtendedby thetargets.
As shownin Figures4 and 5, in the low illuminationconditionhigher luminancecontrast
was requiredto interpretthe aircraftpitchand Iocalizerdeviationdisplaysthanwas requiredto
interprettheguideslopeand bankangledisplays. Thesedifferingrequirementsmayto some
degree reflectdifferencesin the levelof difficultyrequiredto interpretthe varioustypesof
information.For example,judgementsof pitchangleweremadeuponananalysisof the cues
presentedby therelativepositionof the aircraftsymbolbetweentwo differentpitchgrid lines,
whereasjudgementsof bankanglecouldhavebeenbaseduponcueswhich resultedfromboth
thepositionof the bankangleindicatorandthe anglemadebetweenthe horizonlineand the
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aircraftsymbol. Concerningthe Iocalizerdeviationindicator,it ispossiblethat its location(see
Figure1) in the displaycombinedwith itssmallerrelativesize to thepitchand bankangle
indicatorsinfluencedthe subjectsto adjustupwardlytheir settingsof luminancecontrast to
insure that their interpretation of the displayed information was correct.
Finally, the third trend in the data concerns the consistent lack of an effect for the size of
the display symbology and the lack of an effect for the type of control input. With respect to the
size of the display symbology, it is possible that two experimental factors contributed to a lack of
a size of display symbology effect. Concerning the first of these factors, it may be that the
overall sizes of the indicators used for the flight variables were not selected at extreme enough
levels to provide statistically significantly differences for this factor. In particular, the sizes of the
various display indicators were based upon maintaining a minimum visual angle for the devia-
tion needle used in the Iocalizer and glideslope indicators, and upon maintaining a constant
scaled ratio for all display elements contained in the two differently sized display formats.
Consequently, in satisfying these two criteria, the overall size of the various flight variable
indicators was implicitly selected for each indicator contained in each of the display formats. It
is possible that the range of relative sizes for the various indicators which resulted from these
procedures was not adequate to influence the luminance contrast levels required to interpret the
information presented in these displays.
The second factor which may have contributed to the lack of a size of symbology effect
concerns the task requirement used in the study. Unlike a simple experimental paradigm in
which a detection or identification threshold is established for a target, this study required
subjects to select a level of display luminance contrast at which information contained in the
display could be interpreted. The requirement to interpret the displayed information may have
conditioned the subjects' responses in the following way. The subjects, in setting luminance
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contrastlevelsat whichmeaningfulinformationcouldbe obtainedfromthe displayedflight
variableindicators,may haveselectedluminancecontrastlevelsat whichthe overallconfigura-
tion of thevariousflight variablescouldbe analyzedandcomparedto the instructedflight
profile. Consequently,it maybe thecase that theoverallsizesof thedisplayedsymbologywere
notas importantto thesettingof displayluminancecontrastas was the relative configuration of
the flight variables and the information transmitted to the subject by each of the variables.
The lack of a statistically significant finding for the type of control input suggests that the
display luminance contrast levels needed to interpret each of the flight variables were not
influenced by the type of mismatched information presented in the information and PFD dis-
plays. That is, the interpretation of flight variable indicator information, with respect to the flight
information presented in the instruction display, was performed at a display luminance contrast
level which was set independent of whether or not the flight variable was involved in the mis-
match of information between the two displays.
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CONCLUSION
This study investigated the levels of display luminance contrast which were needed to
simultaneously interpret multiple sources of information presented in a static, achromatic,
integrated display of primary flight information for three different conditions of illumination, two
different types of control input, and two different sizes of the display symbology. The multiple
sources of information which were required to be interpreted included glideslope and Iocalizer
deviation, and aircraft bank angle. A three-alternative, forced choice paradigm was used in
conjunction with the method of adjustments to obtain a measure of the threshold luminance
contrast which was needed to interpret the displayed information. The experimental task
performed by the subjects, that of assessing and making judgements about the current status of
the aircraft's flight profile, is similar to the types of tasks which occur in the operational task
environment.
It was found in this study that the levels of luminance contrast required to interpret the
displayed information conformed closely to the levels which have been reported in previous
studies of display luminance contrast requirements. In general, it was found that very low levels
of luminance contrast are required to interpret and make decisions about a display of complex
information. Furthermore, for the conditions in this study, it was found that the display
luminance level, and to some degree the format of the information, were important factors in the
setting of display luminance contrast.
It is interesting to note that the agreement of the results among studies which have
investigated display luminance contrast requirements is quite good. This agreement has
occurred despite the fact that widely different experimental conditions and tasks have been
used to assess display luminance contrast requirements in these studies. Based on this good
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agreement of results, and in light of the findings of the present study, it is believed that the
general recommendations for display luminance contrast which are provided in various display
design handbooks are, in general, satisfactory for the design of displays to be used in an
operational task environment.
Lastly, the recent advancement of color shadow mask CRT technology into the aircraft
cockpit suggests that future research on display design parameters should be directed towards
an evaluation of color contrast, its contributions to display legibility, and its impact on the levels
needed for other display design elements (i.e., display luminance and display resolution) to
satisfy the visual requirements of the user.
27
REFERENCES
Beaton, R. J. (1984). A human-performance based evaluation of quality metrics for hard-copy
and soft-copy digital imaging systems. Unpublished doctoral thesis. Virginia Polytechnic
Institute and State University, Blacksburg, VA.
Blackwell, H. R. (1946). Contrast thresholds of the human eye. Journal of the Optical Society
of America, 36, 624-643.
Carel, W. L. (1965). Pictorial displays for flight. Office of Navel Research, ONR Contract
ONR-4486(00).
Ireland, F. H., Kinslow, W., Levin, E., and Page, D. (1967). Experimental study of the effects of
surround brightness and size on visual performance. Aerospace Medical Research
Laboratories, Wright-Patterson Air Force Base, OH, Technical Report AMRL-TR-67-102.
McCormick, E. J. and Sanders, M. S. (1982). Human factors in engineering and design.
New York: McGraw-Hill.
Montoya, R. J., England, J. N., Hatfield, J. J., and Rajala, S. A. (1981). An advanced program-
mable/reconfigurable color graphics display system for crew-station technology
research. Fourth Digital Avionics Systems Conference.
Montoya, R. J., Lane, H. H., Turner, T. L., and Hatfield, J. J. (1983). The application of a color
raster-scan programmable display generator in the generation of multiple cockpit display
formats. Fifth Digital Avionics Systems Conference.
Roscoe, S. N. and Eisele, J. E. (1980). Integrated flight displays. In S. H. Roscoe (Ed.),
Aviation sychology. Ames, IO: Iowa State University Press.
Van Cott, H. P. and Kincade, R. G. (1972). Human engineering guide to equipment design.
Washington, D.C.: U.S. Government Printing Office.
28
